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York; and ‡Physics Department, State University of New York at Cortland, Cortland, New YorkABSTRACT In vertebrate eyes, the rod photoreceptor has a modified cilium with an extended cylindrical structure specialized
for phototransduction called the outer segment (OS). The OS has numerous stacked membrane disks and can bend or break
when subjected to mechanical forces. The OS exhibits axial structural variation, with extended bands composed of a few
hundred membrane disks whose thickness is diurnally modulated. Using high-resolution confocal microscopy, we have
observed OS flexing and disruption in live transgenic Xenopus rods. Based on the experimental observations, we introduce
a coarse-grained model of OS mechanical rigidity using elasticity theory, representing the axial OS banding explicitly via
a spring-bead model. We calculate a bending stiffness of ~105 nN,mm2, which is seven orders-of-magnitude larger than that
of typical cilia and flagella. This bending stiffness has a quadratic relation to OS radius, so that thinner OS have lower fragility.
Furthermore, we find that increasing the spatial frequency of axial OS banding decreases OS rigidity, reducing its fragility. More-
over, the model predicts a tendency for OS to break in bands with higher spring number density, analogous to the experimental
observation that transgenic rods tended to break preferentially in bands of high fluorescence. We discuss how pathological alter-
ations of disk membrane properties by mutant proteins may lead to increased OS rigidity and thus increased breakage,
ultimately contributing to retinal degeneration.INTRODUCTIONRod photoreceptors are abundant light-sensitive cells in the
retina responsible for dim light vision (1). These cells are
composed of an inner segment (IS) with intracellular organ-
elles, and a cylindrical outer segment (OS). The OS, elabo-
rated at one end of the rod photoreceptor, is a cylindrically
shaped organelle composed of thousands of membrane disks
highly specialized for phototransduction. The unique struc-
ture of the OS and high metabolic demands for maintaining
it, as well as cost of phototransduction, make it highly
susceptible to disruption (see Discussion and Conclusions).
In fact, mutations in many rod-specific genes destabilize the
OS or trigger stress responses that eventually lead to cell
death, retinal degeneration, and blindness in humans (2).
The basic structural unit of the OS is a disk, which is
composed of two closely apposed lipid bilayer membranes
that together are 6–8 nm thick, with enormous quantities
of the integral membrane protein rhodopsin (~106 proteins
per membrane disk) (3–8). The OS is composed of a regular
stack of these disks (Fig. 1 A) with an inter-disk spacing of
5–12 nm (9), aligned along many deep incisures (10).
Within each disk, rhodopsin is homogeneously distributed
except in the terminal loop regions (10–12). In many species
such as frog, rabbit, cow, rat, and human, the OS disks
are linked via flexible spacers mostly along their incisures
and on the rim (10–17). However, in mouse, where a
single incisure exists, the spacers linking the membrane
disks are spaced regularly throughout the disks with a
distance of ~14 nm from each other (9,11). Thus, a commonSubmitted June 4, 2012, and accepted for publication November 21, 2012.
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membrane disks by flexible linkers, regardless of their
organization (11).
There appears to be a structural feature that extends
across many OS disks. This was originally observed in frogs
as an axial inhomogeneity of the OS under polarized light,
as alternating dark and bright birefringence bands in isolated
and fixed amphibian rod OS (18–23), and was first reported
by Kaplan (20). This feature has been subsequently found in
many species including rat, guinea pig, rabbit, dog, and
monkey (19,20,24). These bands are ~1.0–1.6 mm in height,
each containing between 100 and 300 membrane disks, and
are perpendicular to the OS axis. The banding pattern
(thickness and spatial frequency) are influenced by the
diurnal cycle. In constant light or dark, no birefringence
banding is observed (23). While this banding pattern arises
from an inhomogeneity in the OS structure involving many
disks, its origin has not yet been established.
Recently, we characterized a related axial OS inhomoge-
neity in Xenopus using a fluorescently tagged rhodopsin
transgene (rhodopsin-eGFP) (22,25–27) under control of
the rhodopsin promoter (28) (see Materials and Methods).
Transgenic Xenopus expressing rhodopsin-eGFP have a
fluorescent banding similar to the banding pattern previ-
ously explained in wild-type rod OS (23). Regardless of
the origin of the banding inhomogeneities demonstrated
by Kaplan and those shown in transgenic species expressing
rhodopsin-eGFP, we observed similar axial variations in
both Kaplan and fluorescent banding:
1. Constant dark-rearing of tadpoles resulted in simulta-
neous loss of both types of banding.http://dx.doi.org/10.1016/j.bpj.2012.11.3835
FIGURE 1 (A) Illustration of the rod photore-
ceptor internal structure. The inner segment (IS)
is the lower part with intracellular organelles. The
outer segment (OS) is the top cylindrical part
shown with the multilayered structure. Each
horizontal line shows a lipid bilayer disk 6–8-nm
thick (closeup shown on the left). The axial inho-
mogeneity observed under polarized light is shown
as alternating dark and bright groups of membrane
disks; each dark or bright group represents a density
band, which contains between 100 and 300 lipid
bilayer disks in an actual OS. (B) The spring-bead
model for the OS density bands. The springs repre-
sent the density bands. Springs of equal length a0
and spring constant k connect the beads in neigh-
boring bands. High-density bands have larger
number of springs compared to low-density bands.
Thicker density bands have j layers of springs, as
discussed in the main text.
Flexural Rigidity of Rod Photoreceptors 3012. Variations in the inhomogeneity along the OS axis in both
types of banding were in-phase, suggesting the common
origin of Kaplan and fluorescent banding (25,26).
These similarities allow an investigation of the effects of
banding density variation along the OS using high-resolu-
tion live imaging techniques. The density of the tagged
protein along the OS axis fluctuated ~30% when animals
were kept in 12 h/12 h light/dark cycle, and were larger
when the light cycle was extended (Fig. 2). The higher fluo-
rescence intensity regions thus contain a higher density of
tagged rhodopsin, which are made during the dark cycle,
while the lower density bands are made during the light
cycle. Quantitative analysis of transgene concentration
showed that the tagged rhodopsin was expressed at 0.1–
1% of the endogenous gene (26). Thus, the tagged transgene
offers a tracer to study how axial variation influences
OS mechanical properties using high-resolution imaging
techniques. We assume both birefringence and fluorescent
transgene axial variation reflect similar underlying axial
variation in OS properties, which hereafter will be termed
density banding.
In this work, we used confocal imaging to characterize
OS expressing rhodopsin-eGFP protein during bending
and breaking, and we used the elasticity theory to study
and model the flexibility of the OS, which have alternatinghigh- and low-density banding. From the imaging results,
we developed a coarse-grained model including the effect
of density banding on OS mechanical stability and flexi-
bility. In our model, each density band (observed as banding
of the fluorescently tagged proteins) contains between 100
and 300 lipid bilayer membrane disks, with their associated
spacer linkers, which are in a series configuration with each
other. Using our theoretical model, we calculated the flex-
ural rigidity of the OS, which is a measure of its structural
stability and its response to mechanical forces. The flexural
rigidity represents the rod’s resistance to bending, and is the
proportionality constant which relates the torque exerted on
a flexible thin rod to its curvature for slight bending (29,30).
This is similar to Hooke’s law for a spring. The bending
stiffness of the OS in our model is completely defined by
the structure, density, and bond strength among its density
bands. The OS flexural rigidity can be measured experimen-
tally by measurements of the OS deflection in response to
a calibrated external transverse force. Such an experiment
has not been conducted before to our knowledge, and there-
fore the results of this article provide the first theoretical
estimate for this parameter.
In the Experimental Observations section, we describe
our observations of the bending and breakage of the OS.
In the Model and Theory section, we introduce a theoretical
model of the OS as a beam with periodic high and lowBiophysical Journal 104(2) 300–312
FIGURE 2 Banded structure of the OS. The
thicknesses and densities of the bands depend on
the amount of light received by the animal.
(A–C) Show the OS with different periods of
light/dark adaptation; (A) the upper part of the
OS has bands of equal thickness which are formed
in equal light/dark periods of three days each.
These bands are thicker than the bands formed in
the lower part of this OS (inside the white box);
those are thin bands formed in 12 h/12 h light/
dark cycle. The thin and dim bands that are within
the upper thick bands in this OS are formed
because the animal was not kept in absolute dark-
ness. (B) Thick bands are formed in a period of
three days dark and four days light. This picture
shows thicker low-density bands which form in
light-receiving periods. (C) The lower part of the
OS (inside the white box) has bands which are
formed in equal 12 h/12 h light/dark periods, where
the bands are very thin and equal in thickness.
The upper part of this OS has bands which
have formed in seven-days dark-adapted animals.
(D–F) Fluorescent intensity plots of the bands along the OS length; plot D corresponds to the rod shown in panel A, E corresponds to B, and F corresponds
to C. These plots show the periodicity in the intensity of bands (depending on the light/dark cycle), and the increase of ~1.3 in the fluorescent intensities of
high-density bands compared to low-density bands. Scale bar is 5 mm.
302 Haeri et al.density bands (representing the banding of the fluorescently
tagged proteins), and derive an analytical relation for the
Young’s modulus and the bending stiffness with explicit
dependence on the banded structure and on the geometry
of the beam. In the subsequent section, we use our experi-
mental data to calculate the OS bending stiffness, and we
discuss the validity of our results. We then investigate OS
breakage and its coincidence with high density bands. We
find that the breakage is triggered at a critical force, and
we apply our model to experimental observations of the
OS breakage. In the Discussion and Conclusion section,
we examine our theoretical results, compare them to exper-
imental observations, and finally discuss the limitations of
our model.MATERIALS AND METHODS
Transgenic animals
Transgenic tadpoles were produced, according to the standard procedure, to
incorporate the desired gene into the genome of Xenopus sperm, using
restriction enzyme-mediated integration (REMI) (22) with some modifica-
tions (26,31,32). All steps were performed in a similar way for all animals.
All animal handling and experiments were in agreement with the animal
care and use guidelines at the Association for Research in Vision and
Ophthalmology (Rockville, MD), approved by the Institutional Animal
Care and Use Committee (IACUC), and by the Committee on the Humane
Use of Animals (CHUA).Imaging chamber and live cell imaging protocol
The recording chamber was made in the center of a 5-cm plastic Petri dish
as described in Peet et al. (33); a No. 1 coverslip covered the bottom of the
chamber for the access of the microscope lenses. Retinal chips were minced
into small pieces and placed into the chamber with Ringer’s solution
(111 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 0.5 mMBiophysical Journal 104(2) 300–312MgSO4, 0.5 mM NaH2PO4, 3 mM HEPES, 10 mM glucose, and
0.01 mMEDTA). The chamber was covered by a No. 1 coverslip and placed
onto the microscope stage for imaging. All imaging was performed at 20C.
The basal ends of most of the rods were attached to the substrate, and
a directional flow present in the chamber exerted a force to the free end
of rods, which lead to rotation, movement, and occasional bending and
breakage of rods. Images for quantification of transgenic proteins expressed
in rod photoreceptors were acquired using the LSM-510 software driving
a confocal LSM-510 imaging system (Carl Zeiss, Peabody, MA). Retinal
chips placed in frog Ringers solution were scanned by a laser line of
488 nm. The scanning objectivewas a Plan-Neouar 63/1.4 oil lens (Zeiss).
The emitted light from 488-nm excitation was put through a 500–535 nm
band-pass filter. The resolution of all scanned images was set to 0.04 
0.04 mm in xy plane for images used for quantifications. At least five z scans
from the central area of rod photoreceptor with a 0.5-mm interval were
obtained.EXPERIMENTAL OBSERVATIONS
We characterized a quantity of >265 rod photoreceptors by
live confocal imaging, and we selected 43 to study further.
These rods were selected for a clear order in their banded
structure, and were used to build the model discussed in the
Model and Theory section. They all have OS lengths ~60
mm, and diameters between 4.5 and 6.5 mm. These rods are
placed in a solvent with viscosity h ~1.02 mPa,s. The thick-
ness of high- and low-density bands vary between 0.5 and
1.6 mm.Most of the OSwere intact and had aminimal deflec-
tion of50.2 mm due to random movements of the OS tips;
they showed slight curvatures, but no distortions or breakages
were observed. Upon exertion of a unidirectional force, the
OS curvature increases and can lead to breakage (see Mate-
rials and Methods). We observed eight distorted and broken
OS, with five broken OS occurring before dissociation—
each of which showed a totally altered internal structure,
and threeOS at the onset of breakage (shown in Figs. 3 and 4).
FIGURE 3 Bending sequence of the OS. (A–D) A periodic OS formed in
12 h/12 h light/dark cycle. The bending in the OS increases from left to right
until it breaks within a high-density band (closeup is shown in Fig. 4). Time
Flexural Rigidity of Rod Photoreceptors 303The onset of breakage was identified by the time-lapse
images having a slight bending at the beginning followed
by a sudden increase in the deflection and an alteration of
the internal structure, which we define as breakage. Fig. 3,
A–D, shows an example of the breakage phenomenon in
a periodic OS (we study the lower part of this OS). The peri-
odic OS is defined as having equal thicknesses of low- and
high-density bands, similar to the lower part of the OS
shown in Fig. 2 C. These bands were formed in a 12 h/
12 h light/dark cycle. In the set of images in Fig. 3, A–D,
the bending increases from left to right until the OS breaks
within a high density band. The breaking point corresponds
to the critical force, which is discussed in Theoretical Model
Applied to Experimental Observations. A closeup of the
breakage in the periodic OS of Fig. 3, A–D, is shown in
Fig. 4, where the internal structure is altered within the
high-density band, orthogonal to the OS axis. Fig. 3, E–H,
shows a breaking semiperiodic OS, which we define as an
OS with unequal thicknesses of low- and high-density bands
due to unequal light/dark cycles. Here, we see an increase of
bending in a high-density band which leads to breakage.
Fig. 3, I–L, shows an inhomogeneous nonperiodic OS,
defined as having a very thick high-density band compared
to its low-density bands, and lacking a repeating banded
structure. This OS also bent within a high-density band
and broke.
We analyzed the deflections and the bending sequences for
each of the above OS using confocal images. The OS is in the
xy planewith its long axis in the y direction; the z axis is out of
the page. The external force acts on the OS free-end in the x
direction, as shown in the schematic of Fig. 5. The OS deflec-
tion, x, is defined as the displacement of the OS tip, in the x
direction, with respect to a reference line passing through the
center of the unaltered part of its body. The deflection can be
measured from confocal images of the OS. For consistency,
we measure x at 6 mm above the bend. We then plot and
compare the deflection-versus-time curves of the three OS
of Fig. 3. This is shown in Fig. 6. Fig. 6A shows the deflection
of the periodic OS (shown in Fig. 3, A–D), with equal high-
and low-density bands. This OS has two bends—one in
a high-density band (dots in Fig. 6 A) and the other in
a low-density band (circles in Fig. 6 A). The OS bends
from both regions until it breaks in a high-density band
(shown by the dotted vertical line in Fig. 6 A).
After the high-density band breaks, the low-density band
starts to recover its original shape, observed as the decrease
in its deflection while the bend in the high-density band
continues (images of both bends, with angles, are shownbetween consecutive images is 2.6 s. (E–H) A semiperiodic OS formed in
five days dark and two days light cycle. The bending and breakage of the
OS is seen in consecutive images with time interval of 1.6 s. (I–L) An inho-
mogeneous nonperiodic OS bends and breaks from left to right. The
breakage occurs within a high-density band. The time interval between
consecutive images is 6.7 s. Scale bar is 5 mm.
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FIGURE 4 Alteration of density bands are shown in a closeup picture of
the broken band in the periodic OS of Fig. 3 (A–D). The internal structure of
the high-density band is altered in the orthogonal direction to bend.
FIGURE 6 Deflection curves for OS with different types of internal
structure. (A) A periodic OS with L ¼ 59.3 mm, b ¼ 4.15 mm. This OS
has two bends—one in the high-density band (dots) and one in the low-
density band (circles). (Vertical dashed line) Point of break, after which
the low-density bend recovers while the high-density bend leads to
a breakage. (B) The high-density bend of the periodic OS (dots), a semiperi-
odic OS bending in a high-density band (circles) with L ¼ 60.9 mm, b ¼
5.58 mm, and an inhomogeneous nonperiodic OS bending in a high-density
band (stars) with L ¼ 58.2 mm, b ¼ 6.17 mm.
304 Haeri et al.in Fig. 7 with time intervals of 2.6 s (see Movie S1 in the
Supporting Material)). Fig. 6 B compares the deflections
of all three types of OS, which bend in a high-density
band (periodic, dots; semiperiodic, circles; and inhomoge-
neous nonperiodic, stars). The semiperiodic rod has high-
density bands that are thicker than its low-density bands.
In this case, the deflection increases slowly until the OS
breaks, after which it bends faster and more significantly,
as also shown in Fig. 3, E–H.
The inhomogeneous nonperiodic OS, which has the
thickest high-density band compared to the other two OS,
breaks at the smallest deflection, showing that it has the least
flexibility. After breaking, it continues to bend by a large
amount, as also shown in Fig. 3, I–L. All three OS shown
in Fig. 6 B show a sharp increase in deflection after
breakage. This implies the alteration of their internal struc-
ture after breakage, which leads to a decrease in their resis-
tance to bending. To analyze the bending and breakage
pattern observed experimentally in the OS, we present
a theoretical model of the system in the next section.FIGURE 5 Schematic of an OS and its banded structure. The OS is fixed
at its lower end. Upon exertion of a transverse force F to its free-end, it
bends and the deflection x is measured in the direction of bend with respect
to the reference line (dotted line in y direction).
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Lipid bilayer membranes have been previously modeled as
layers containing beads and springs (34). In our system, the
OS contains lipid bilayer membranes that are connected to
each other via flexible spacer linkers (11); therefore, we
introduce a modified coarse-grained model that represents
each density band (of 100–300 lipid bilayer membranes
and their associated spacer linkers) with one set of beads
and springs. This model takes into account the banding struc-
ture of the OS by using different number of springs as an
identifier for different densities in each band, so larger
number of springs represents higher density bands, as ob-
served in the confocal images, and vice versa. Each density
band has a set of parallel springs characterizing the elastic
structures of the 100–300 bilayer membranes and their asso-
ciated spacer linkers in that band. Our model can make
numerical predictions for the OS bending stiffness, as well
as for the critical force required to break the OS.
FIGURE 7 Bending angles in a bent OS. The
time interval between consecutive images is
2.6 s. (A–D) Bend in a high density region with
a periodic structure. (E–H) Bend in a low-density
region with a semiperiodic structure. The angles
are measured with respect to the stationary lower
and upper ends of the OS in each case. In each
set of images, the bending increases from left to
right, with the high-density region showing a larger
bend under stress. Finally the internal structure of
the OS gets distorted within a high-density band,
and the OS breaks at that point. The bending in
the low-density band recovers and no breaking is
observed in that band. Scale bar is 5 mm (see Movie
S1 in the Supporting Material).
Flexural Rigidity of Rod Photoreceptors 305We model the rod photoreceptor OS as a cylindrical beam
of total length L and cross-section area A ¼ pr2, where r is
the radius. We assume the beam is composed of bands which
have two sets of beads axially connected via n parallel
springs of equal equilibrium length a0 and equal spring
constant k. Therefore, a0 is also the equilibrium length of
each band (a0 is set equal to the thickness of each density
band measured from confocal images of the OS). A sche-
matic of the inhomogeneous beam is shown in Fig. 1 B,
where high and low density bands have different number
of springs, as it will be discussed in the Inhomogeneous
Beam subsection, below. The dimensionless Reynolds
number, which represents the ratio of inertial to viscous
forces on the rods, is defined as Re ¼ rLv/h (35). Here r
and h are the density and viscosity of the solvent, respec-
tively, and v ~ 106 mm/ms is the speed of motion of the
rods in the solvent. For rod photoreceptors, Re << 1, so
inertial forces can be neglected. External forces can deformthe beam by bending it when the forces are orthogonal to its
axis, and/or by stretching it when the forces are parallel to
its axis. In either case, the total deformation of the beam
can be written as the sum of the deformations of individual
bands containing beads and springs. We first study the
simplest case of an homogeneous beam. We then build
complexities into our model to enable a discussion of the
inhomogeneous case relating to rod photoreceptors OS.Homogeneous beam
We modeled an homogeneous beam containing beads and
springs. In this case, all bands have the same number of
springs, n, and the same thickness, a0. We started by calcu-
lating the spring constant of each band, which is equal to the
sum of individual springs in that band with a parallel con-
figuration as kband ¼ S n i¼1 ki ¼ nk, where ki ¼ k every-
where in each band and along the beam. We assumedBiophysical Journal 104(2) 300–312
306 Haeri et al.there are N ¼ L/a0 bands along the beam with an equal
number of springs in each band. Therefore, the effective
spring constant of the beam is keff ¼ nk/N. For a small force
exerted on the beam that can result in both bending and
stretching at the microscopic level, the springs in each
band obey Hooke’s law, F ¼ kband Da, where Da is the
length change of each spring, which can be positive or nega-
tive depending on the direction of bend and/or stretch.
Therefore, the total stress applied to the beam is written as
F
A
¼ 

na0k
A

ε; (1)
where ε ¼ DL/L ¼ Da/a0 is the strain in the beam, and the
coefficient
Y ¼ na0k
A
(2)
is the Young’s modulus (30). The significance of Eq. 2 is in
the explicit dependence of Y on the spring constant and the
equilibrium length of the springs, which are the parameters
of our model system. Eq. 1 is the stress-strain relation for an
homogeneous beam written as a function of the Young’s
modulus of the system. It applies only when the bands
have the same properties along the length of the beam,
and shows the linear response of an homogeneous beam to
small deformations along its length. However, as discussed
earlier, OS are inhomogeneous along their lengths
(23,25,26). This inhomogeneity is observed in the form of
bandings, which are primarily identified by different densi-
ties of fluorescently labeled proteins in the OS, as shown in
Fig. 2. Therefore, in the next subsection we will study the
mechanical response of an inhomogeneous beam.Inhomogeneous beam
The banded structure of the inhomogeneous beam, repre-
senting an OS, is shown in the schematic of Fig. 1 B. These
bands, which have different number of springs, represent the
light and dark bands observed experimentally with different
fluorescent intensities (compare to Fig. 2). We define the
density variations along the length of the inhomogeneous
beam as different number of springs in the low and high
density bands, nL/H, where nL < nH. These are related to n
of the homogeneous beam via n ¼ (nL þ nH)/2. By doing
a similar analysis to the homogeneous case, we obtain
the spring constant for each band of low/high density to
be kL/Hband ¼ nL/H k. A direct result of larger number of
parallel springs in higher density bands is higher resistance
to bending or stretching, therefore kHband > k
L
band.
Therefore we can then set the parameter representing the
inhomogeneity in our model system as the number of
springs in the density bands nL/H.
The relation for the effective spring constant of the inho-
mogeneous beam is obtained by setting high- and low-Biophysical Journal 104(2) 300–312density bands in a series configuration along the length of
the beam. To write the effective spring constant, we also
have to take into account different thicknesses of high- and
low-density bands by making the following assumptions:
Assumption 1. High- and low-density bands alternate so
the total number of bands is always N ¼ NH þ NL,
where NH/L represents the number of high/low-density
bands along the beam, respectively.
Assumption 2. For thicker bands, we assume more than
one layer of springs exist in a single density band,
so we have NH ¼ jNL, with j > 0.
Assumption 3. High-density bands contain nH springs,
where nH ¼ pnL and p R 1. We can therefore use
the addition rule for springs in a series configuration
to obtain the effective spring constant of the inhomo-
geneous beam as
1
keff
¼ NH
kHband
þ NL
kLband
: (3)
We substitute NH ¼ jNL, kL/Hband ¼ nL/H k, and nH ¼ pnL in
Eq. 3, and obtain the following relation for the effective
spring constant of the inhomogeneous beam (see Section
S1 in the Supporting Material):
keff ¼ n
Lk
NL

ðj þ 1Þ  j

p 1
p
1
: (4)
The case of p ¼ 1 means same densities of high and low
within the bands (nH ¼ nL), where we have NH ¼ NL ¼
N/2 and therefore keff ¼ nk/N, which is the effective spring
constant of an homogeneous beam, also obtained in the
previous subsection. For a periodic beam, in which high-
and low-density bands have equal thicknesses with j ¼ 1,
we get keff ¼ (nLk/NL) p/(pþ1), where the inhomogeneity
enters keff through the density ratio of bands p. We can write
the general form of the Young’s modulus, which is related
to the effective spring constant of the inhomogeneous
beam via the relation Y ¼ (L/A) keff, as (see Section S2 in
the Supporting Material),
Y ¼ n
La0k
pr2

1

j
j þ 1

p 1
p
1
; (5)
where we use L ¼ Na0, A ¼ pr2, and keff from Eq. 4. There-
fore, Y depends on the thickness and density of bands via the
parameters j and p, respectively. Eq. 5 is an important
outcome of our theoretical model, showing the explicit
dependence of the Young’s modulus on the parameters of
the beam, which are the densities of the bands, the bands’
thicknesses, and the radius of the beam. For the homoge-
neous beam where p ¼ 1, Eq. 5 reduces to Eq. 2. For a peri-
odic beam with j¼ 1, we obtain Y¼ (2nLa0k/(pr2)) p/(pþ1),
where the inhomogeneity of the beam enters the Young’s
FIGURE 8 Bending stiffness, kb, as a function of the parameter j repre-
senting the ratio of high/low-density band thicknesses, for different density
ratios p. An increase in j means thicker high-density bands compared to
low-density bands. The bending stiffness increases with the density ratio p.
Flexural Rigidity of Rod Photoreceptors 307modulus through the density ratio p, as expected. Therefore,
Eq. 5 demonstrates how the inhomogeneity of the material
affects the Young’s modulus and the response of the beam
to external forces.
Once we have the Young’s modulus, we can obtain the
bending stiffness from the beam equation M ¼ (YI) k.
Here M is the torque and k ¼ 1/R(s) is the curvature of
the rod, where R(s) is the radius of curvature at point s along
the rod (29,30). The bending stiffness of the rod is the pro-
portionality constant in the beam equation, which is kb ¼ YI
(30,35). Because OS are anisotropic, we can only approxi-
mate their bending stiffness in this model as we separate
the Young’s modulus and the bending moment, which is
a good approximation used for other systems such as micro-
tubules and actin filaments (36). We use Eq. 5 for Y and the
relation for the geometric moment I for a beam with circular
cross-section of radius r as
I ¼
Zr
0
x2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2  x2
p
dx ¼
p
4

r4 (6)
and obtain the following relation for the bending stiffness
(see Section S3 in the Supporting Material):
kb ¼ n
La0r
2k
4

1

j
j þ 1

p 1
p
1
: (7)
In the case of an homogeneous beam with p ¼ 1, Eq. 7
becomes kb ¼ na0r2k/4, and for a periodic beam with
j ¼ 1, it depends on the variable p via the relation kb ¼
(nLa0r
2k/2) p/(pþ1). The outcome of our theoretical anal-
ysis is summarized in Eq. 7, which gives kb in terms of
the structural properties of the inhomogeneous beam.
Eq. 7 implies that thinner beams (smaller r) have smaller
resistance to bending and therefore are more flexible; it
also shows that the flexural rigidity varies linearly with
the spring number density (representing the fluorescent
intensity of the bands) and with the thickness of the bands.
For a given OS, the parameters a0 (equilibrium thickness of
each band), nL (average number of springs in a low density
band, estimated from the intensity plot of each OS), r
(OS radius), and k (the spring constant; see Theoretical
Model Applied to Experimental Observations, below), are
constants which can be obtained from confocal images of
the OS, and the variable parameters are j and p, which define
the OS inhomogeneity. Fig. 8 shows the dependence of kb on
each of the variable parameters j and p. It shows that:
1. For an homogeneous OS with constant density along its
length (p ¼ 1), bending stiffness is independent of the
banding thickness ratio j (dashed line);
2. By increasing the high- to low-density ratio of the bands
(p > 1), the value of kb increases with a rate which
depends on the banding thickness ratio j; and3. The value of kb increases for small values of j, and
becomes almost steady for larger j.
The plateau shows that the bending stiffness becomes
constant for j > 5, where the inhomogeneous OS responds
to external forces similar to an homogeneous high density
OS. In this case, the flexibility introduced by low-density
bands becomes negligible and the OS becomes very rigid.
These results are in agreement with our experimental obser-
vations where OS with thicker high-density bands are less
flexible, and show more breakage; this will be further
discussed in Theoretical Model Applied to Experimental
Observations section, below.
To place our results in context of other studies on the
structural rigidity of biological substructures (37–41), we
rewrite Eq. 7 in the general form of kb ¼ (p/4) Yr4, where
the structural details of the beam are absorbed in the
Young’s modulus. This general bending rigidity has the
same form as that used for other systems such as bundles
of actin filaments (42). However, the importance of Eq. 7,
as written in this work, lies in its explicit dependence on
the internal structure of the beam that is on the properties
of each band and the springs within it, as well as the beam’s
geometry. Therefore, Eq. 7 can make predictions of the flex-
ural rigidity of rod photoreceptor OS when their structural
properties are known. In the following section, we will
use confocal images of several OS to obtain the values of
a0, n
L, r, k, j, and p, and we calculate the bending stiffness
using Eq. 7.THEORETICAL MODEL APPLIED TO
EXPERIMENTAL OBSERVATIONS
Flexural rigidity
In this section, we obtain the flexural rigidity of rod photo-
receptors OS using our theoretical model developed in theBiophysical Journal 104(2) 300–312
308 Haeri et al.Model and Theory section, and by analyzing the bending
sequence observed experimentally (25,26). To find the
bending stiffness from Eq. 7, we need to extract different
values of parameters from the confocal images, as described
in the previous section. The spring constant, k, is the same
for all OS because it is an intrinsic property of the OS bands
and does not depend on the thickness or density of the
bands. It is estimated using the elastic energy of the lipid
bilayer membrane, which is 10–20 kBT, where kB is the
Boltzmann constant and T is the experimental temperature.
We calculated this spring constant as k ¼ 2.49  103 N/m.
We made the required measurements from a total of 43 OS,
where 15 have a periodic structure, 15 have a semiperiodic
structure, and 13 are inhomogeneous nonperiodic. To study
the effect of the banding structure of the OS on its flexural
rigidity, we have chosen rods with comparable radii of r
~2.2–3.2 mm, but different a0 depending on their structural
order. The periodic OS have the thinnest density bands
with a0 ~0.5–0.7 mm, the density bands in the semiperiodic
OS have an intermediate thickness of a0 ~0.7–1.0 mm,
and the inhomogeneous nonperiodic OS have the thickest
density bands with a0 ~1.2–1.5 mm. For the periodic OS,
with structures similar to Fig. 2, A–D, we use Eq. 7 to calcu-
late an average bending stiffness of kb ¼ 1.65  105
nN,mm2 (15 rods, SD ¼ 0.7  105). For the semiperiodic
OS, with structures similar to Fig. 2, E–H, the average
bending stiffness is calculated as kb ¼ 2.20  105 nN,mm2
(15 rods, SD ¼ 0.8  105). For the inhomogeneous nonperi-
odic OS, similar to the rod shown in Fig. 2, I–L, we find
an average bending stiffness of kb ¼ 2.77  105 nN,mm2
(13 rods, SD ¼ 1.1  105). This analysis shows the consis-
tency of the values obtained for the OS bending rigidity
from our theoretical model. It also suggests that flexibility
comes with periodicity, and that the most flexible OS are
those made in 12 h/12 h light/dark cycle, which are the peri-
odic OS with the thinnest density bands.FIGURE 9 Force-versus-deflection curves for OS with different internal
structures. The scales are different on the vertical axes. (A) A periodic OS
with L ¼ 59.3 mm, b ¼ 4.15 mm, and calculated kb ¼ 1.03  105 nN,mm2.
(B) A semiperiodic OS bending in a high-density band with L ¼ 60.9 mm,
b ¼ 5.58 mm, and calculated kb ¼ 2.13  105 nN.mm2. (C) An inhomoge-
neous nonperiodic OS bending in a high-density region with L ¼ 58.2 mm,
b ¼ 6.17 mm, and calculated kb ¼ 3.33  105 nN,mm2. The values of the
critical forces in each case are shown in the plots.Critical force
To calculate the breaking forces in each case of periodic,
semiperiodic, and inhomogeneous nonperiodic OS, we first
measured the magnitude of the random force present in the
fluid—this force has magnitude of order pN, and is derived
from the measurements of minimal deflections of unaltered
OS. It can cause small movements of the OS as a whole but
no bending or alterations of the internal structure. Next, we
analyzed the OS which show deflections, by plotting and
fitting third-order polynomials to their deflection-versus-
length data. The third-order polynomial equation was then
compared to the deflection equation of a beam (43), with
one end fixed at the origin and a circular cross-section of
radius r, given as
x ¼ F
kb

ð3þ 2sÞr2yþ L
2
y2  1
6
y3

; (8)Biophysical Journal 104(2) 300–312where F is the force, s is the Poisson’s ratio, which depends
on the moduli of compression and rigidity of rod OS, which
are not known, and y is the position along the OS length. We
use kb values obtained from our model in the Flexural
Rigidity subsection, above. From this comparison we ob-
tained an estimate of the magnitude of the forces needed
to bend and break the OS. The transverse forces are then
plotted in Fig. 9 as functions of the deflection x. These
curves have different scales and are shown to study the
response of different types of OS to external forces. The
curves of Fig. 9 give insight into the process of breakage
Flexural Rigidity of Rod Photoreceptors 309of the OS. Our first observation is that all three OS, regard-
less of their internal structure, show a similar and linear
response to small forces; the deflection increases linearly
and reversibly by increasing the transverse force until the
break point is reached. This point is analogous to the elastic
limit of a material under tension, after which the curve
becomes nonlinear. The slopes of the linear parts of the
curves are directly related to the OS bending stiffness.
Beyond the break point, the deflection increases while the
force remains constant (nonlinear regime), shown by the
force plateau in these curves, indicating the alteration of
the OS internal structures. The critical breaking force for
each OS is the force corresponding to the force plateau.
Beyond the nonlinear regime, the OS resistance to bending
decreases, and by increasing the force the OS bends easier.
Moreover, we find that the critical forces which break the
OS in each case are different and depend on the OS bending
stiffness. Those with larger kb values, which show a higher
resistance to bending, will break at a larger force. The curves
of Fig. 9 show the typical behavior seen in force-deflection/
extension curves of microtubules, cilia, and flagella
(44–46)—i.e., linear and reversible response for small forces
followed by a nonreversible regime for F > Fbreak.DISCUSSION AND CONCLUSIONS
The highly specialized rod photoreceptors are located in the
outermost layer of the vertebrate retina and mediate vision
in dim light. While there is a diversity in the size and shape
between different species (47), all rods are highly polarized
with distinct compartments: an OS containing light-sensi-
tive visual pigment, a narrow connecting cilium connecting
the OS to the IS (35,44,48–58), and an IS containing the
nucleus and synaptic terminus (Fig. 1 A). The cylindrical
OS has an exceptional structure which contains hundreds
of lipid bilayer membrane disks in a stack surrounded by,
but not contiguous with, a plasma membrane (59). The disks
are continuously generated at the base of the OS and phago-
cytized by the pigmented epithelium covering the apical
segment of the OS. The OS disks are elaborated by invagi-
nations of the membrane known as incisures which create
lobulated perimeters. The number and depth of incisures
per disk varies widely in different species, from a single
one in mice and several shallow ones in primates to 8–12
deep incisures in lower vertebrates (60–62), but they all
tend to align axially in terminal loop structures (10). The
unique structure of rod cells may render them susceptible
to mechanical injury (26).
It has long been known that the OS is a mechanically
fragile structure in vitro, breaking under tension and
fragmenting into smaller segments with vigorous shearing
(5,63). In the experiments reported here, freshly isolated
rod photoreceptors OS subjected to mild mechanical stress
exhibited occasional tears in the OS bands progressing to
a complete fracture of the OS in some instances (25,26).The confocal images of the OS at the breakage point show
a distorted banding structure (Fig. 4). In this article, we
proposed a theoretical model to describe these experimental
findings, upon comparison of the theoretical model and the
experimental observations:
1. We noted a large number of bent but nonbroken OS with
radii ~2.2 mm, these being the thinnest rods observed
experimentally. This observation suggests that the OS
radius has a direct relation to its bending stiffness and
that a smaller radius leads to lower fragility, as also ob-
tained theoretically in Eq. 7.
2. We also observed experimentally that periodic OS with
the thinnest density bands show the smallest resistance
to bending compared to the inhomogeneous nonperiodic
OS with a thick high-density band. This observation
suggests that thicker high-density bands will contribute
to higher overall OS bending stiffness, also in agreement
with our theoretical result in Eq. 7.
3. Finally, we find that OS fractures occur in high-density
bands which have ~1.3 fold more fluorescent intensity
compared to low-density bands. This suggests that
weak points occur along the OS within the high-density
bands, which are more rigid and do not bend as easily as
low-density bands will (Fig. 7). This is also in agreement
with our theoretical result in Eq. 7, which shows that
bending stiffness increases with the number density of
springs in the density bands.
Although our theoretical predictions and experimental
observations agree, we cannot describe the breaking mech-
anism. To better understand this process, it is crucial to
capture an OS within the process of breaking. However,
obtaining such data is extremely challenging given the time-
frame for a breakage and the limitations of the image acqui-
sition system recording one rod at a time. In the eight broken
OS, we observed deformation of the internal structure, loss
in the banding ordering, and fragmentation in the high-
density band orthogonal to the OS long axis, resulting in
the complete severance of the OS. We predict a bending
stiffness kb ~1.65–2.77  105 nN.mm2 for OS of ~60 mm
length and diameters between 4.5 and 6.5 mm. Although,
inhomogeneous nonperiodic OS have, on average, a bending
stiffness ~1.6 times larger than the periodic OS, this varia-
tion in the bending stiffness is based on different OS radii,
banding densities, and band thicknesses. A comparison
between the values obtained from our model for rod photo-
receptors OS and the value of the bending stiffness of cilia
(~102 nN,mm2 (44–46)) shows that OS are at least seven
orders-of-magnitude stiffer than cilia. We suggest that this
large difference is due to the banded structure of the OS,
which is not present in typical cilia, and which makes the
OS a more rigid structure compared to typical cilia. Exper-
imental setups which can apply forces in the range of 50–
200 nN perpendicular to the rod photoreceptor’s long axis
can validate our theoretical results.Biophysical Journal 104(2) 300–312
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eration, including humans (2) and transgenic mice ex-
pressing mutant proteins such as peripherin, Rom-1, and
rhodopsin (26,64–75). This may be a result of disturbances
in biosynthesis of the OS disk membranes. Recently, we
proposed that the OS may be destabilized by mutations in
rhodopsin causing photoreceptor loss in vivo (26). Haeri
and Knox (26) proposed that the mutant rhodopsin aggrega-
tion led to the disruption of the OS disk membrane and
eventual rod photoreceptor death. To explore the observed
OS disruption, a quantitative description of the mechanical
properties of the OS is required. However, the biophysical
natures of the forces that destabilize the OS have not been
clearly established. At present, it is not well understood
how mechanical pressure is transmitted within the outer
retina and how it affects OS integrity. In this study, we
proposed a mechanical model for the OS that permits an
analysis of the OS response to external or internal mechan-
ical forces on the structural stability of rod photoreceptors
OS. The proposed model sets the stage for further evalua-
tion of forces leading to destruction of such banding
structures in the OS, and can be used to measure the fragility
of rod photoreceptors expressing mutant proteins which
demonstrated collapsed OS in animal models of retinal
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